Abstract-The backstepping control method provides useful control logic, especially for a cascaded system. Because spacecraft dynamics and kinematics form a cascaded system, the spacecraft slew maneuver problem can be solved using the backstepping control method. However, the simple linear backstepping controller may result in poor design: sluggish motion, trivial nonlinear term cancellation, and excessive control input. To overcome these defects, an effective backstepping control method using a nonlinear tracking function is proposed. The proposed backstepping control method is based on the redesign of the Lyapunov function and careful gain selections. To evaluate the effectiveness of the proposed method, numerical simulations including parameter uncertainties are performed. Simulation results demonstrate that the proposed backstepping controller can achieve the slew maneuver with shorter settling time and smaller peak control torque than existing methods.
I. INTRODUCTION
T HE BACKSTEPPING control method can be effectively applied to a system composed of cascaded subsystems [1] . Recently, researches on the backstepping control method have tried to combine the backstepping control method with other control methods such as the sliding mode control law [2] , optimal control law [3] , adaptive control law [4] - [6] , robustness accommodated control law [7] , [8] , and neural network theory [9] , [10] . The backstepping control method can be combined as such because it mainly prescribes the controller structure.
Over the past several years, various control technologies have dealt with the spacecraft slew maneuver problem [11] - [17] . The backstepping control method is favored over other methods in solving the slew maneuver problem for several reasons. First, the cascaded structure of the spacecraft dynamics gives a good motivation for applying the backstepping control method to the spacecraft slew maneuver problem. Second, the controller design process can be a simple routine work if a proper Lyapunov candidate function is chosen. In addition, the backstepping control method guarantees asymptotic stability and it also has robustness to some unmatched uncertainties. However, because the backstepping method is a theoretic approach that does not consider the physical characteristics of concerned systems, practical issues such as hardware limitations and settling time should be investigated. In this paper, an effective backstepping control method using quaternion parameters is proposed for the spacecraft slew maneuver problem. The simple application of the backstepping control method to the slew maneuver problem causes several defects, such as sluggish motion, trivial cancellation of nonlinear terms, and excessive control input at the initial stage of maneuver. To overcome these defects, an arctangent nonlinear tracking function is introduced, and control gains are determined based on a redesigned Lyapunov function. The quaternion vector is chosen as attitude parameters because the magnitude of each quaternion variable is bounded by unity. To verify the effectiveness of the proposed method, numerical simulations using the proposed method and existing methods are performed. Simulation results demonstrate that the proposed backstepping method reduces both the settling time and the peak control torque simultaneously. This paper is organized as follows. Section II describes the formulation of the slew maneuver problem. In Section III, the backstepping controller based on the conventional approach is presented. In Section IV, an effective controller using a nonlinear tracking function is derived to overcome the defects of the conventional approach. Simulation results and the comparisons with existing methods are also presented. The final section summarizes the work of this paper.
II. SPACECRAFT DYNAMICS AND SLEW MANEUVER
Consider the spacecraft attitude dynamics [12] (1) where denotes the moment of inertia matrix, denotes the angular velocity vector, and denotes the control input torque vector. Without loss of generality, we can assume that . Then, (1) can be rewritten as adopted as the spacecraft attitude vector. The kinematic equation between the angular velocity and the quaternion variables can be written as [12] 
where , and . The spacecraft slew maneuver considered in this paper is a rest-to-rest maneuver that requires the following initial and final conditions.
Initial Conditions:
Final Conditions:
Although two final conditions exist, (5a) and (5b) represent the same spacecraft attitude [16] . The objective of the controller design is to find the control law that achieves the required final states asymptotically. Besides the asymptotic stability, peak control torque and settling time are considered as main performance indices.
III. LINEAR BACKSTEPPING CONTROLLER DESIGN
This section describes the conventional backstepping controller design process using the linear tracking law. The conventional backstepping controller is derived based on the Lyapunov approach, and numerical results are presented. However, the conventional approach is not desirable in practice and these issues are reported in the last part of this section.
Linear Backstepping Controller Design Method
The spacecraft system described by (2) and (3) has a cascaded structure as shown in Fig. 1 . The angular velocity vector can be thought of as a pseudoinput vector, while the vector is a real control input vector that directly affects . Therefore, the backstepping control method can be easily applied to the spacecraft system. The general backstepping control theory is summarized in the Appendix. Employing terminologies of (A1) and (A2) in the Appendix, the rest-to-rest maneuvering problem corresponds to , , and . The first step in the backstepping control method is to find the control law for the subsystem described by (3) . Let us consider the following candidate Lyapunov function (6) In (6), (5a) is considered as the final condition and (5b) will be incorporated later. Substituting (3) into the time derivative of (6) yields (7) To make , the following linear tracking law is chosen (8) where is a positive constant. We used the term "tracking law" because is not a real input and (8) is thought of as the desired relation between and . After designing the tracking law, the real control input should be determined such that (8) is achieved. Consider the following candidate Lyapunov function for the overall system (9) Substituting (2), (3) and (8) into the time derivative of (9) gives (10) Using (A6), the conventional backstepping controller can be obtained as
where is a positive constant. Although (11a)-(11c) contain second-order nonlinear terms, (11a)-(11c) can be named "linear backstepping control law," because the second-order terms are used only for feedback linearization. By substituting (11a)-(11c) into (10), it is clear that is nonpositive (12) If (5b) is chosen as the final condition instead of (5a), the following candidate Lyapunov function can be considered (13) Applying the same procedure to (13) , the following tracking law and the control law are obtained (14) (15a)
Accommodating (11) and (15) where and denotes the sign function. The sign function of this study is defined as (17) Note that the value of should be 1 or 1 if .
Numerical Example Using the Linear Tracking Law
The performance of the linear backstepping controller is evaluated through a numerical simulation. Numerical data was taken from [17] . The Rodrigues parameter values in [17] were converted into quaternion parameter values The required maneuver angle is about 2.5 rad, and time to slew is about 15 s referring to [17] . We assume that there are no limitations on the peak control torque. Because no systematic method for selecting control gains has been found to date, is set as unity and is set as 10 by trial and error. The selection of and is a tradeoff between the peak control torque and the settling time. As and become larger, the required peak control torque becomes larger, but the settling time becomes shorter. Fig. 2(a)-(c) show angular velocity responses, quaternion parameter variations, and control input histories, respectively. As shown in Fig. 2 , the required final states are achieved asymptotically. The following remarks can be stated by examining the simulation results.
Remark 1: Compared with the magnitude after 0.5 s, the control torque magnitude is relatively large before 0.5 s. This large torque is caused by the large tracking error at the initial stage. Thus, the linear backstepping controller is not an effective control method for the spacecraft slew maneuver from a viewpoint of the peak control torque, especially at the initial stage.
Remark 2: The settling motion to the final state is sluggish after about 5 s. The sluggish motion is due to the characteristic that the control law does not generate the proper control torque when quaternion error norm is small.
Remark 3: In (11), nonlinear terms are cancelled trivially. If there are uncertainties in the parameters or measurement errors, this kind of trivial cancellation may degrade the performance of the controller.
IV. BACKSTEPPING CONTROLLER DESIGN USING NONLINEAR TRACKING FUNCTION
As discussed in Section III, the linear backstepping controller is not effective for the spacecraft slew maneuver. In this section, a more effective and robust backstepping control method is proposed to overcome the defects as listed in Remarks 1-3 of the previous section. The conditions for the better tracking function are derived, and an arctangent function that satisfies these conditions is newly introduced. The gain selection process for the reduction of peak control torque and settling time are also discussed.
Arctangent Tracking Function
Consider the tracking law , which is a simple linear equation. If this simple law is replaced by a better tracking function, the control effectiveness can be improved. Using a general function , (8) is revised as (18) To guarantee in (7), the tracking function must satisfy (19) If the following condition is imposed, the peak control torque can be reduced if if
where . The above condition prescribes that the tracking function value does not yield a large value when is close to unity. Meanwhile, the following condition can contribute to the fast convergence when is small if if
where . Equation (21) requires that yield a higher absolute value than the linear law when is small. This condition contributes to the removal of sluggish motion. Fig. 3 shows (19)-(21) graphically. The following arctangent function would be one of the candidate functions that satisfy (19)- (21) (22) where and are positive constants. A better tracking function could be selected via an optimization process or other methods. In this paper, (12) is chosen as the tracking function because of its simplicity and smoothness. Parameters and are designed as and for the proposed controller. The shape of the resultant tracking function is shown in Fig. 4 .
Controller Design
To derive the backstepping control law using the nonlinear tracking function, consider the following candidate Lyapunov function For the considered system to be stable, the control gains , and must be determined such that is guaranteed. The control gain design strategy of this study is to examine each term of (28) rather than considering the whole function . This approach makes more negative, thus can reduce the settling time. Using (19), the first term of the right-hand side of (28) satisfies the nonpositive condition automatically (29)
In the linear backstepping control, the terms like , , and are cancelled trivially. This kind of trivial cancellation is not desirable when there are parameter uncertainties. To accommodate uncertainties as well as to avoid trivial cancellation, a more elaborate design process is necessary. We assume that there is an uncertainty in , and its maximum bound is known as (30) Consider the second term of the right-hand side (RHS) of (28). If the control gain is chosen as (31) where the step function is defined as (32) then, the following inequality is obtained by substituting (31) into the second term of the RHS of (28) (33) Note that (33) holds regardless of uncertainties if (30) is satisfied. From (33), it is clear that the proposed controller guarantees robustness to the variation of moments of inertia in an analytic manner.
The discontinuous function like (31) may cause a chattering phenomenon, which is usually undesirable in practice since it involves high-frequency control logic switches and limit cycles. The system could even become unstable as a result of the chattering phenomenon when an unmodeled structure dynamics is excited [18] . To avoid the chattering phenomenon, (31) is replaced by (34) where is a positive constant and the function is defined as follows:
The shape of is shown in Fig. 5 . Instead (35), a smooth function that does not include nondifferentiable points like or in (35) may be used, but the expected improvement is not much. The selection of is a tradeoff problem. As becomes smaller, the left side of (33) becomes more negative. In this case, the chattering is more likely to happen. In contrast, the reverse is true when is large. By trial and error, it is recommended that has a value between 0.1 and 0.3. For the proposed controller, is chosen. From the definition of , the following inequality is obtained (36) Substituting (34) into the second term of the right-hand side of (28) and using (36) yields (37) Similarly, the control gains and can be designed as (38) (39) where and are the known maximum uncertainties of and , respectively. Substituting (38) into the third term of the RHS of (28) gives (40) Similarly, substituting (38) into the fourth term of the RHS of (28) gives (41) Finally, consider the last term of (28). This term contributes to if . Because choosing as constant may cause an excessive control input when the tracking error is large, is chosen to be inversely proportional to the tracking error (42) where and are positive constants. The constant is introduced for the gain not to diverge as . Note that is guaranteed even if varies arbitrarily. This boundedness would contribute to the reduction of the peak control torque. The constant can be determined considering hardware limitations on the peak control torque. The constant is recommended to have a value between 5 and 20% of . In this paper, and are chosen as and , respectively. If (5b) is chosen as the final condition instead of (5a), the same procedure can be applied. The followings are the resultant control laws accommodating two cases 
Numerical Simulation Using the Proposed Method
To verify the effectiveness of the proposed control method, a numerical simulation using the proposed controller is performed. The satellite model considered in Section III is used for the simulation. To show the robustness of the proposed control law with respect to the variations in moments of inertia, about 20% variation is considered
For the proposed controller, we assume that the maximum uncertainty value is known as . The constant in (18) is chosen as unity. backstepping controller of Section III, the proposed controller shows better performance in viewpoints of peak control torque and settling time. These improvements are mainly due to the considerate gain selections, the careful nonlinear tracking function design, and the avoidance of trivial cancellation.
Comparison With Existing Methods
To compare with existing controllers, numerical simulations using the controllers presented in [15] - [17] are also performed under the same conditions. The controller in [15] is analogous to the conventional feedback controller. The controller in [16] is composed of linear feedback terms and a cross-product matrix of the quaternion vector. The controller in [17] is a nonlinear control law using the Rodrigues vector and cross-product matrices of the angular velocity vector. The control parameters of [15] are re-selected while the control parameters of [16] , [17] are taken without modification. Although the numerical simulation results vary by the gain selections, the overall shapes of time histories do not vary much. Among them, the numerical results with the controller in [16] are shown in Fig. 7(a)-(c) . Their performances are similar to those of the linear backstepping controller if considering the peak control torque and angular velocity histories and quaternion histories. The peak control torque could be reduced only by sacrificing the settling time.
Compared with the existing methods in [15] - [17] , the proposed control method shows better performance. Table I shows the control toque, the angular velocity norm, and the quaternion norm at 5 s, as well as the peak control torque. The proposed controller requires only about 20 (Nm) peak control torque, while the other controllers require more than 80 (Nm) peak control torque. The values of , and at 5 s also support the fast convergence characteristic of the proposed controller.
V. CONCLUSION
In this paper, a new backstepping controller for the slew maneuver is proposed. The backstepping control method could be successfully applied to the slew maneuver because of the cascaded structure of a spacecraft system. However, the simple linear backstepping controller does not show good performance because it requires large control input torque and causes sluggish motion. To obtain faster convergence with moderate input magnitude, an arctangent tracking function is introduced and the control gains are selected considering the Lyapunov function. The performance of the proposed control law is evaluated through numerical simulations under parameter uncertainties. The simulation results demonstrate that the proposed backstepping control method can improve settling time and peak control torque characteristics. 
